In the work, we studied the effect of the plasma of a runaway electron preionized (REP) diffuse discharge (DD) on the composition, structure, and properties of ST3PS steel surface layers. Voltage pulses with an incident wave amplitude of up to 30 kV, FWHM of around 4 ns, and rise time of around 2.5 ns were applied to the gap in an inhomogeneous electric field. The ST3PS steel specimens exposed to this type of discharge revealed changes in their defect subsystem, suggesting that the runaway electron preionized diffuse discharge provides surface hardening of the steel.
Introduction


Research in the effects of a runaway electron preionized diffuse discharge (REP DD) on different materials is an urgent and interesting problem. This type of discharge is formed as nanosecond high-voltage pulses are applied to a gap with a cathode of small curvature radius; see the reviews [1, 2] and references therein. In a REP DD, the anode experiences complex action of several factors: (1) dense nanosecond discharge plasma with a specific power ranging to hundreds of megawatt per cubic centimeter in single pulse mode [3] ; (2) a shock wave which was recorded with a calorimeter [1] ; (3) optical radiation of different spectral regions, including UV, VUV, X-rays from the discharge plasma [4] ; and (4) a super short avalanche electron beam (SAEB) with a wide energy range [1] . As a result, the surface of different metals is cleaned from carbon and oxidized in oxygen-containing gases [5, 6] , and semiconductors change the type of conductivity [7] . According to [8] , REP DD treatment Corresponding author: Victor Tarasenko, professor, research fields: gas discharge and plasma physics. E-mail: VFT@loi.hcei.tsc.ru.
provides surface hardening of copper specimens supposedly due to the formation of a thin copper oxide film.
The aim of the work was to study the influence of the REP DD plasma on composition, structure, and properties of ST3PS steel.
Experiments
For the formation of a REP DD, we used a FPG-60 generator [9] , the voltage pulses from which were applied to the discharge chamber. The generator was connected to a gas discharge gap of 7 mm via a 75Ω cable 4m long. The incident voltage wave amplitude in the transmission line (75Ω cable) was varied between 10 kV and 30 kV. The anode was plane and was the electrode on which plates of ST3PS steel [10] were arranged being wiped with alcohol before exposure to a REP DD. The cathode was pointed and was made of steel. The chamber was filled with nitrogen with an impurity content of less than 0.01%. The experiments were performed in repetitive pulsed mode at a pulse repetition frequency of up to 2 kHz. The number of pulses per specimen was normally 10 5 .
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The hardness and elastic moduli of the treated steel specimens were measured with a Berkovich indenter on a NanoTest 600 system. We analyzed loading-unloading curves at a load of 2, 5, 10, and 20 mN by the Oliver-Pharr method [11] .
The steel structure was examined by transmission electron microscopy (TEM) on an EM-125 device. For the examination, foils of thickness 150-200 nm were prepared by electrolytic thinning. For this purpose, the initial and treated steel specimen were spark cut to obtain thin (around 300 m) plates which were further mechanically thinned to around 100 m and electrolytically polished in an orthophosphoric acid-based reagent to around 0.2 m.
Results
The experiments show that exposure of ST3PS steel to a REP DD, like that of copper [8] , provides its surface hardening. The hardness of the steel is increased three times (Fig. 1) . After 10 4 pulses, hardening is also observed. Electron microscopy of the ST3PS steel structure shows that in the initial state, the material is a polycrystalline aggregate. Its grains are fragmented into slightly misoriented (1°-3°) volumes mostly of nonequiaxial shape (Fig. 2a) . The lateral and longitudinal fragment sizes vary from 0.5 to 1 m and from 2 to 3.5 m, respectively. In the fragment volume, a dislocation substructure is observed in the form of chaotically distributed dislocations (Fig. 2b ) and dislocation networks (Fig. 2c) . The scalar dislocation density determined by the intercept method [12] is found to vary in the range (1-2) × 10 10 cm -2 . In some cases, second phase particles are detected at grain boundaries. Interpretation of electron diffraction patterns [13] shows that these particles are iron carbide of composition Fe 3 C (cementite). After irradiation, the steel remains to be a polycrystalline aggregate; however, its intragranular structure changes considerably. Firstly, an equiaxial fragmented substructure is formed at grain boundary junctions; the fragment size is 0.15-0.25 m which is much (5-10 times) less than that in the initial steel (Fig. 3a) . Secondly, a band structure with a lateral band size of around 150 nm residing mainly at grain boundaries (Fig. 3b) is detected in addition to chaotic dislocations and dislocation networks. The evolution of the dislocation substructure involves a substantial increase in scalar dislocation density, the value of which is around 4.1 × 10 10 cm -2 .
The foregoing facts suggest that the steel exposed to REP DD treatment is involved in plastic deformation.
Thirdly, the steel structure reveals bending extinction contours (marked by arrows in Fig. 4) . The appearance of bending extinction contours in the steel structure unambiguously points to internal stress fields [12, 14] , the sources of which (stress concentrators) in the examined material are interfaces of fragments and band substructure (Fig. 4a) , grains (Fig. 4b) , and second phase particles (Fig. 4c) . The physical cause for bending contours is plastic deformation incompatibility of adjacent steel volumes, carbide particles, and adjacent α-phase volumes [15] .
Fourthly, regions of nanometer size 30-50 nm are observed at the grain boundary and fragment junctions in Fig. 5 . The small size of these regions is evidenced also by a quasi-ring-structured electron diffraction pattern of the foils in Fig. 5c . Analysis of the electron diffraction pattern presented in Fig. 5c points to the presence of reflections of the α-phase and Fe 3 C carbide.
Fifthly, the frequency of occurrence of carbide phase reflections on electron diffraction patterns increases 2-3 times. This fact and the formation of two-phase regions of nanosized structure whose characteristic image is shown in Fig. 5 can be evidence that in the irradiated steel, a multi-stage process proceeds consisting in fracture (dissolution) of initial Fe 3 C particles, carbon redistribution in the grain volume, and repeated precipitation of carbide particles. Hence, exposure of ST3PS steel to REP DD irradiation initiates the processes that take place in the material in thermomechanical treatment.
Conclusions
Thus, the structural phase transformations revealed in the steel unambiguously suggest that treatment with a runaway electron preionized diffuse discharge produces thermomechanical action on the material. The character of dislocation substructure transformation 
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(formation of additional interfaces, increase in scalar dislocation density, and formation of internal stress fields) and carbide subsystem transformation is indicative of the hardening effect of this type of treatment on the steel. Comparative analysis shows that the surface microhardness of the irradiated steel is up to three times higher than that of the initial steel.
